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A theoretical density-functional study has been carried out to analyze the exchange coupling in the chains of
CuGeO3 using discrete models. The results show a good agreement with the experimental exchange coupling
constant ~J! together with a strong dependence of J with the Cu-O-Cu angle. The calculation of the J values for
a distorted model indicates a larger degree of dimerization than those reported previously.I. INTRODUCTION
The spin-Peierls transition is an interesting phenomenon
that appears in spin chains.1 Below a critical temperature, the
chains show a structural distortion and the magnetic suscep-
tibility presents a rapid drop. The first systems known to
undergo such a transition were organic materials like TTF-
CuBDT or MEM~TCNQ!2.2 Since Hase et al. discovered in
1993 the inorganic spin-Peierls compound3 CuGeO3, a huge
amount of work has been devoted to the special behavior of
this compound.4 Above 14 K, CuGeO3 has an orthorhombic
unit cell ~originally the Pbmm space group has been
proposed,5–7 although recent measurements8 suggest
P21212! with a long-range-order antiferromagnetic cou-
pling. The low-temperature phase also shows an orthorhom-
bic unit cell ~Bbcm space group! but slightly distorted to give
a ‘‘dimer’’ character to the chains.9 Recently, a-NaV2O5 has
been proposed as a possible inorganic spin Peierls
compound,10 but recent diffraction experiments have intro-
duced some controversy in this respect.11,12
The structure of the high-temperature phase of CuGeO3 is
schematized in Fig. 1 and the main bonding parameters are
summarized in Table I. The structure is built from linear
chains of Cu21 ions with square-planar coordination running
along the c direction. The oxygen atoms bridging two copper
atoms are simultaneously forming tetrahedral GeO4 units that
provide a link between neighbor copper chains in the b di-
rection. The exchange-coupling constant obtained from in-
elastic neutron-scattering measurements shows a strong anti-
ferromagnetic coupling in the c direction due to the exchange
interaction along the copper chains @Jc;2120 K, see Eq. ~1!
below#. Non-negligible but small values are found for the
interchain coupling along the other crystallographic direc-
tions: Jb;0.1Jc and Ja;20.01Jc .13 Substantially higher
values of Jc are obtained from the observed dispersion for
the magnetic excitations (Jc;2150– 170 K),14,15 from mag-
netic susceptibility data (Jc;2160 K),16 or from high-field
Faraday rotation experiments (Jc;2180 K).17PRB 610163-1829/2000/61~1!/54~4!/$15.00Exchange coupling in the chain direction is usually de-
scribed with a Heisenberg Hamiltonian with two exchange
constants
H52J(
i
@11d~21 ! iSiSi111aSiSi12# , ~1!
where J is the exchange constant between neighboring cop-
per atoms ~usually this parameter is compared with the ex-
perimental Jc values!, aJ is the coupling constant between
next-nearest neighbors. In the previous expression a is a
frustration parameter whose value has been estimated be-
tween 0.24 and 0.36,15,16 and d is the dimerization parameter
that vanishes above the critical temperature. A value of 0.012
for d reproduces the experimental spin gap of 2.1 meV using
a static phonon model.14 However, larger d values as high as
0.12 are predicted using more sophisticated dynamic spin-
phonon models to describe the magnetic excitation
spectrum.18
Although several theoretical studies of the electronic
structure in CuGeO3 have been reported,19–22 only the paper
FIG. 1. Structure corresponding to the high-temperature phase
of CuGeO3 ~Pbmm space group!. Small white, large white, and
black spheres correspond, respectively, to O, Cu, and Ge atoms.54 ©2000 The American Physical Society
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of the exchange coupling constants using semiempirical pe-
riodic electronic structure calculations. Therefore, the aim of
the present paper is to present an ab initio study of the mag-
netic properties of such compound by analyzing the influ-
ence of the structural parameters on the exchange coupling.
The knowledge of these magnetostructural correlations can
be of great help for the interpretation of the changes in mag-
netic behavior that appear when the chains are distorted upon
cooling the compound below the critical temperature, as well
as in the interpretation of the data related to spin-phonon
coupling.
II. RESULTS AND DISCUSSION
In recent works we have shown the ability of hybrid
density-functional methods to provide accurate numerical es-
timates of the exchange coupling constant J in transition-
metal molecular complexes.23–25 For this purpose we use the
B3LYP method26 as implemented in the GAUSSIAN package27
combined with a modified broken-symmetry approach. The
B3LYP method is the most popular form of the so-called hy-
brid functionals. In these methods the exact exchange, calcu-
lated using the Kohn-Sham orbitals, is mixed with the pure
generalized-gradient approximation ~GGA! functional by fit-
ting, in the B3LYP case, three mixing parameters to some set
of experimental data. The larger accuracy of the hybrid func-
tionals in comparison with the GGA ones can be easily un-
derstood by the reduction of the self-interaction error due to
the insertion of the exact exchange. A triple-z basis set is
used for the transition metal,28 while a double-z basis set is
employed for the rest of atoms.29 Using this approach we
have calculated exchange constants for complete molecular
structures obtaining a very good agreement with the avail-
able experimental values. This computational approach al-
lows us to analyze the dependence of the exchange coupling
on different structural parameters. The study of such magne-
tostructural correlations contributes to the understanding of
the mechanism of exchange coupling and may suggest pos-
sible structural modifications to design new compounds with
interesting magnetic properties.
Among the families of the transition-metal molecular
complexes that we have studied, the hydroxo- and alkoxo-
bridged copper ~II! binuclear complexes are those that
present structural similarities with CuGeO3. From an experi-
mental point of view, the well-known magnetostructural cor-
relation proposed by Hodgson and Hatfield for the hydroxo-
bridged copper ~II! complexes shows a strong dependence of
TABLE I. Main structural parameters corresponding to the two
phases of CuGeO3. For the low-temperature phase, each value cor-
responds to one of Cu2O2 moieties after the dimerization of the
chain structure.
High-temperature
phase ~Pbmm!
Low-temperature
phase ~Bbcm!
d(Cu-O) ~Å! 1.933 1.935 1.932
d(Cu—Cu) ~Å! 2.944 2.956 2.933
Cu-O-Cu 99.2° 99.6° 98.8°
O—O-Ge 158.8° 159.9° 158.1°the magnetic character with the Cu-O-Cu angle.30 Thus, if
this angle has a value larger than 98°, the exchange coupling
is found to be antiferromagnetic while for smaller values a
ferromagnetic behavior shows up. Our theoretical results
have shown that actually there is a second structural param-
eter that also plays a fundamental role: the out-of-plane shift
of the atom bonded to the bridging oxygen.24 For the
hydroxo-bridged complexes, if this atom is located on the
Cu2O2 plane, the calculations predict antiferromagnetic cou-
pling for the whole range of Cu-O-Cu angles. Hence, the
strongest antiferromagnetic character is obtained if this atom
remains on the Cu2O2 plane. Large out-of-plane shifts, that
appear always combined with smaller Cu-O-Cu angles, re-
sult however in a ferromagnetic coupling. A third structural
parameter whose influence on the exchange coupling is not
negligible, is the Cu-O distance. Within the range of experi-
mental values, an increase in the Cu-O bond distance results
in a stronger antiferromagnetic contribution.25 Recently,
from inelastic-neutron-scattering experiments and the analy-
sis of the symmetry of the frequency modes, Braden et al.
proposed31 that the two angular parameters just discussed,
the Cu-O-Cu angle and the out-of-plane shift of the germa-
nium atom, are the main factors that control the magnetic
coupling in CuGeO3.
In order to apply the theoretical methods previously indi-
cated to the study of the magnetic behavior of CuGeO3, we
reduce the dimension of the periodic crystal to a molecular
model. Such simplification seems reasonable, given the co-
valent nature of the bonds present in the structure and the
local character of the exchange coupling. Thus, two molecu-
lar models have been used @Figs. 2~a! and 2~b!# to study the
intrachain coupling, in which the dangling bonds in the ter-
minal oxygen atoms have been saturated by hydrogen atoms.
The values of J calculated for different Cu-O-Cu angles
are presented in Fig. 3.32 The experimental value of the angle
in the high-temperature phase is 99.2° ~see Table I!, for
which our calculations with the trinuclear model ~2b! yield
the values J52206 K and a50.37 ~i.e., aJ5276 K!.
These results are in good agreement with the experimental
data, taking into account the tiny energy differences involved
in the evaluation of J and the errors derived from employing
a molecular model for the calculation. By using the simplest
model 2a a too small value of 260 K has been obtained for
J, indicating the need to include at least three copper atoms
in the model to accurately reproduce the exchange interac-
FIG. 2. Molecular models employed to analyze the Jc contribu-
tion of exchange coupling along the Cu2O2 chains. In what follows,
the two models are called 2a and 2b.
56 PRB 61BRIEF REPORTStions. The substitution in the model of the terminal water
ligands by hydroxo-ligands, resulting in an increase of the
ionic character of the coordinated oxygen atom, produces a
strengthening of the antiferromagnetic coupling close to 280
K.
The calculated variation of the exchange coupling con-
stant with the Cu-O-Cu angle deserves further comments. As
expected for the trimer model results, a decrease in that angle
results in an increase of uJu, with a transition from antiferro-
magnetic to ferromagnetic coupling at Cu-O-Cu595°,
amazingly close to the value of 98° found for the hydroxo-
bridged copper ~II! complexes.24 Thus, for an angle of 90°
the system should be ferromagnetic in agreement with the
predictions of the Goodenough-Kanamori’s rules.33–35 How-
ever, the small distortion, increasing this angle from 90 to
98°, is apparently enough to increase the antiferromagnetic
contribution to the coupling, resulting in a change of the
magnetic behavior. The analysis of the dependence of aJ
shows an antiferromagnetic coupling in all the studied range
of the Cu-O-Cu angles, vanishing for values under 85°.
To analyze the influence of the second structural param-
eter, the shift of the Ge atom out of the Cu2O2 plane, we
have repeated our calculations fixing these atoms in such
plane while using the experimental Cu-O-Cu angle. Such
distortion corresponds to a shift in the O—O—Ge angle of
21.2°. As expected, a stronger antiferromagnetic coupling
between nearest neighbors is found for the in-plane configu-
ration, J52288 K and aJ5274 K, showing a similar ten-
dency to that found for the copper ~II! molecular complexes.
From these values, one can see that for this case, the ex-
change coupling is more affected by the Cu-O-Cu angle than
by the O—O-Ge one, since in the former case a variation of
only 5° results in a change of more than 2200 K for J. The
variation of J with the structural parameters is usually ex-
pressed as ]J/J]h , where h are in our case the two angles
mentioned above. We obtained a value of 0.26 for the varia-
tion of J with the Cu-O-Cu angle. Previously reported
values18 for this magnitude are strongly model dependent
ranging from 0.05 to 0.22. For the O—O-Ge angle the cal-
culated value is 0.019, somewhat larger than those given in
FIG. 3. Calculated exchange coupling values J for model 2a
~black circles!, J ~empty circles!, and aJ ~empty squares! for model
2b as a function of the Cu-O-Cu angle.Ref. 18 that range between 0.003 to 0.010.
To analyze the influence of the structural changes associ-
ated with the spin-Peierls transition we have calculated the
exchange coupling constants for model 2b, in which the
symmetry between neighbor Cu atoms is broken and each
Cu2O2 moiety adopts one of the structural parameter sets
indicated in Table I for the low-temperature phase. Model 2b
becomes in this case a nonsymmetrical trinuclear system
with two J values between nearest neighbors ~J1 and J2!, and
a third coupling constant J3 for the coupling between next-
nearest neighbors equivalent to aJ in the symmetric model.
The explicit diagonalization of the spin Hamiltonian for such
systems does not provide the three values of J,36 and some
other simplifying hypothesis must be introduced. A reason-
able approximation is for instance to take the same J3 value
as in the symmetric model. The small variation of aJ with
the bond angle ~Fig. 3! seems to confirm that the small
changes introduced in the asymmetric model do not appre-
ciably modify the aJ value. With this assumption, values of
2134 and 2258 K are found for J1 and J2 , respectively.
The smaller value corresponds to the Cu2O2 moiety with the
smaller Cu-O-Cu angle and the shorter Cu—Cu distance, as
expected. From these calculated exchange coupling constants
a value of 0.30 can be estimated for d by taking d5J1
2J2/2J . There is a dispersion of d values previously re-
ported in the literature ~between 0.01 and 0.12! ~Refs. 18,
37! depending on the model employed, but our result for this
parameter is significantly larger, as expected from the large
calculated ]J/J]h values discussed previously. The strong
dependence of the exchange coupling constants with the Cu-
O-Cu angle found in Fig. 3, which is also found both experi-
mentally and theoretically for hydroxo- and alkoxo-bridged
Cu~II! binuclear compounds, is however in better agreement
with a larger value of d.19 Using the values of J1 and J2
corresponding to the symmetric model with the two angles of
the distorted structure ~98.8 and 99.6°! a d value of 0.12 has
been obtained. This value is logically lower than the previ-
ous one since only the effect of the Cu-O-Cu angle has been
considered and it is in agreement with the largest d value
previously estimated.18,38 In this approximation, both d val-
ues ~0.30 and 0.12! indicate, however, a stronger dimeriza-
tion of the exchange coupling in the chains than the values
previously reported.
III. CONCLUSIONS
We have studied the magnetostructural correlation for the
spin-Peierls compound CuGeO3 by using density-functional
calculations for molecular models. The coupling constants
obtained using the symmetric trinuclear model are close to
those obtained from experimental measurements. A di-
nuclear model provides too small values for the exchange
antiferromagnetic coupling constant. Considering the varia-
tion of J with the Cu-O-Cu angle and the shift of the germa-
nium atom out of the Cu2O2 plane, we have found a stronger
dependence of the exchange coupling on the Cu-O-Cu angle
than with the out-of-plane shift of the Ge atom. The calcu-
lated trends are similar to the ones obtained experi-
PRB 61 57BRIEF REPORTSmentally for hydroxo- and alkoxo-bridged Cu~II! binuclear
complexes and to those predicted in our previous theoretical
results. Thus, an increase of the Cu-O-Cu angle causes a
stronger antiferromagnetic coupling while the out-of-plane
shift of the germanium atom reduces the antiferromagnetic
behavior. This strong dependence of the exchange coupling
with the structural parameters, leads to larger values for
dimerization parameter d than those previously reported in
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